Introduction
One of the fascinations of 'The new chemistry of the elements' remains the continued existence of a wide variety of relationships among the elements and their unique physico-chemical properties [1] . In well recognized and widely used electronic structureproperty relationships, one sees in many instances not only an encouraging degree of rationalization and order across the periodic table, but also a tantalizing variability and novelty in the properties of individual elements. We now wish to add to this discussion of the periodic table the remarkable lowtemperature (less than 10 K) phenomenon of superconductivity in the chemical elements. Superconductivity is the process by which, below a certain characteristic critical temperature, T c , current-carrying electrons can move without hindrance (resistance) through a metal or metallic material [2] [3] [4] . Superconductivity in the chemical elements of the periodic table is a widely occurring phenomenon and occurs from lithium to americium (figure 1).
The chemistry of the elements of the periodic table reflects the consequences of atomic electronic configurations, typically on a characteristic energy scale of electronvolts (eV). A characteristic, but significantly larger, energy scale was subsequently found to be relevant also for nuclear physics-now on a megavolt scale. In stark contrast, for the phenomenon of superconductivity across the chemical elements, one has a characteristic energy scale now of only millielectronvolts (meV); thus, for example, superconductivity at 10 K equates to an energy of 0.862 meV! The energy scales involved in superconductivity are therefore much smaller than other characteristic energy scales in solids. To understand this very small energy associated with the transition to the superconducting state, when compared with the normal metallic state above T c , is indeed a formidable task that has occupied many of the leading figures in physics for over a century (for an excellent overview, see [6] ). Superconductivity still remains one of the most intractable problems of science, particularly since the discovery of so-called hightemperature superconductors (HTS), in complex chemical compounds, as typified by the cuprates La 2−x Ba x CuO 4 [7] and HgBa 2 Ca 2 Cu 3 O 8+δ , the latter with the record T c of 164 K [8] . For recent excellent reviews and historical overviews of HTS and other aspects, see [9] [10] [11] [12] [13] [14] .
In terms of the theory of superconductivity, the underpinning science is still one of flux, no more so than in the fundamental question-perhaps of the highest interest to chemists-'Why do some materials become superconducting when cooled, while others remain non-superconducting down to the lowest temperatures?' [15] . Fifty years ago, in a discussion of superconductivity for chemical elements of the periodic table, Matthias noted '. . . the critical conditions for superconductivity . . . could not be predicted . . . ' [16] . More recently, Mazin noted that many workers in the field had 'pointed out a theory that was complete, entirely convincing, and, in the authors' opinion, has explained all experiments. Unfortunately, all these theories were different' [17] .
With that backdrop, to attempt to bring such discussions of the superconductivity phenomenon to a chemistry-based audience, we present here just some of the background understanding of the phenomenon of superconductivity, together with important patterns in
both similarities and differences among the superconducting chemical elements. Our emphasis is therefore on just some of the necessary, basic underlying concepts and mechanisms that make for the existence of superconductivity in some of the chemical elements, primarily in the d transition metal series, rather than on elaborate mathematical models. Our first hope is that this discussion will provide a background to a working description of key aspects of superconductivity and possible conditions for superconductivity in relation to these fundamental characteristics of chemical elements. Our second hope is to rekindle the sort of widespread interest present in part of the chemical community two decades ago in understanding and hence controlling the chemistry of the (then) new HTS [18] . The renowned physicist Sir Nevill Mott FRS CH once noted to one of us (P.P.E.) that he believed that the first-ever room-temperature superconductor would come from the hands of someone skilled in the art of chemical synthesis, but having the intuition and knowledge of the physics and materials science of metallic materials-ranging from the chemical elements to complex inorganic materials.
Here, we give particular attention to a qualitative account of the T c systematics of superconductivity in the transition metal series, but principally in the first-row transition metal series. We highlight certain correlations of an important theory of superconductivity, that due to Bardeen, Cooper and Schrieffer (the so-called BCS theory), particularly as it relates to the dependence between the number of nd electrons and the superconducting properties of the first-row transition metal series.
A brief history of superconductivity
Superconductivity was discovered in 1911 by Kamerlingh Onnes & Tuyn, as summarized in [4] . From that beginning, it is now established that various metallic elements and chemical compounds, when cooled below a certain critical temperature (typically very low temperatures less than 10 K for the metallic elements), and characteristic of the substance in question, show the remarkable property of conducting electricity without offering any resistance to the flow of electric current. Remarkably, only a quarter century later, Meissner and Ochsenfeld discovered in 1933 [19] that a superconductor behaves not only like a perfect conductor, but, in addition, also like a strongly diamagnetic metal; this is now known as the Meissner-Ochsenfeld effect. However, unlike many 'commonly' diamagnetic metals, with their varying magnetic susceptibilities, χ (from −6.9 × 10 −11 for Cu to −3.6 × 10 −9 for Bi), a superconductor provides unique macroscopic manifestation of a quantum state with χ = −1 and R = 0 Ω, which are both independent of the chemical nature of the superconducting material.
It is important here to stress that superconductivity is fundamentally different from the case of just infinite conductivity. As London pointed out, this state of affairs is fundamentally and qualitatively different from that which considers this natural phenomenon as a limiting case of ordinary-but exceptional-electrical conductivity [20] . London noted '. . . Though it is not possible to consider the diamagnetic behaviour as a consequence of the infinite conductivity, the converse can to a certain extent be done'. He strongly argued, on the basis of the MeissnerOchsenfeld effect, that the intrinsic diamagnetic nature of superconductors-i.e. substances exhibiting perfect diamagnetism-is the true, fundamental property of the superconducting state. The Meissner-Ochsenfeld discovery that a superconductor is a perfect diamagnet, as well as a perfect conductor, truly establishes the combined condition for this remarkable state of matter: thus, all known superconductors below T c exist as electron-or hole-paired states and these paired states are known to carry the supercurrent.
Recognizing this fundamental condition, it was suggested some time ago that the phenomenon of superconductivity can be understood in terms of the formation of a vast number (ca 10 20 -10 21 cm −3 ) of diamagnetic electron pairs (having S = 0), which then undergo the phenomenon of Bose-Einstein condensation at the characteristic superconducting transition temperature, T c . This gas of doubly charged, diamagnetic particles would then show both infinite conductivity and the Meissner-Ochsenfeld effect. This approach, and others, led in 1957 to the now established BCS electron-pairing theory of superconductivity [21 
One might reflect that the study of superconductivity has, in the past, held little interest for the overwhelming majority of-but certainly not all-chemists. In hindsight, this does appear a little strange, as the basis of our knowledge of all chemical bonding centres on the fundamental concept of electron pairs, but of course in discrete molecular entities, not in extended-state, metallic and conducting substances [22] . However, we note that it was the chemist Ogg who, in 1946, was the first person to identify electron pairs as the current carrier in a superconductor-almost a decade before the BCS theory of superconductivity [23] . He also recognized the concept of Bose-Einstein condensation of such electron pairs in 'real' space to yield the phenomenon of superconductivity.
The epoch-making discovery, in 1986, of HTS by Bednorz & Müller [7] in a range of complex cuprate-based superconductors produced instant, worldwide interest in HTS, from not only physicists, but also chemists, materials scientists and engineers alike. These complex compounds exhibit superconductivity up to the remarkably high temperature of 164 K [8] .
In terms of the development of a theory for superconductivity, the BCS theory proposed that the transition to the superconducting state is caused by the pairing (in momentum space) of itinerant charge carriers (electrons or holes) in a metal or metallic substance mediated by the vibrations of the atoms or ions [21] . As first advanced (earlier) by Fröhlich, this interaction between the itinerant conduction electrons and the quantized packets of vibrations (phonons) overcomes the natural repulsive (Coulombic) interactions between electrons in the conduction electron gas and causes the electrons to form singlet pairs (so-called Cooper pairs), which then subsequently condense at T c into the superconducting state [24] . While the BCS theory provides many critical microscopic insights into the mechanism for electron pairing in superconductors and its many physical ramifications, it is correct that the BCS theory has not easily established a recognizable relationship with the chemistry of the superconducting elements and their complex compounds [9, 25] . Nevertheless, as we shall hope to illustrate, the BCS approach does assist with developing certain important concepts and insights for the basic physico-chemical properties of the chemical elements, which may explain the occurrence and magnitude of superconductivity, for example, as we shall illustrate, in the case of the first-row transition metal elements.
The periodic table of the superconducting elements
We discuss first the distribution of superconductors in the periodic table (figure 1). Three general points emerge: first, it is readily seen that most-but not all-of the metallic elements are superconductors at low temperature and room pressure; second, the T c of elements under normal (room-pressure) conditions does not exceed 10 K; and, third, T c varies over a very wide range, particularly when one considers both room-and high-pressure situations [26] .
Looking specifically at the occurrence of superconductivity at normal pressure, we note that:
1. The elements of groups 1, 2 and 3 of the periodic table do not show superconductivity, except for Li, Be and La. 2. The elements of the three transition metal series from groups 4 to 10, but excluding elements from Cr to Ni in the first series and Pt, are superconductors with highly variable T c values. We shall further review transition metal superconductivity in §4. 3 . Elements of group 11 are not superconductors; this is interesting (and important) as this group contains elements with the highest room-temperature electrical conductivities. 4 . Elements of groups 12-14 following the three transition metal series all show superconductivity, except for Ge. 5 . There are no superconducting elements in the groups 15-18. is a regular pattern of T c such that it is low in groups 4, 6 and 8, but considerably higher in groups 5 and 7. It is particularly notable that metals possessing strong long-range magnetic order, as reflected in ferromagnetism and antiferromagnetism, do not exhibit superconductivity. This includes Cr, Mn, Fe, Co and Ni in the first transition series. This indicates that, for the chemical elements, superconductivity and (spontaneous) atomic magnetism are mutually exclusive phenomena. Among all lanthanides, only lanthanum and lutetium, with their closed f shells, are superconductors at normal pressure, whereas all other lanthanides, with their partially filled magnetic semi-core f shells, do not superconduct.
Electronic structure and the periodic table
A discussion of the electronic structure of atoms across the periodic table provides an important background for our subsequent discussion of the superconducting properties of the corresponding chemical elements, with a particular emphasis on the superconducting properties of the transition metal series.
The basis of the characteristic chemical properties of a chemical element in terms of the electronic structure of (constituent) atoms is universally recognized [1, 27, 28] . Figure 1 includes the usual assignment of the outer group of valence electrons in the various subshells in isolated atoms in their ground electronic state and also presumed in ionic and molecular complexes of the chemical elements. The variation of atomic energy levels across the periodic table (figure 3) leaves us with the resulting major effects due to the attraction of the core and valence electrons by the nucleus and to the interelectronic (electron-electron) repulsions [29] . In figure 3 , the energies of the upper-empty at temperatures close to 0 K-levels represent the excited energy levels of the neutral atom. The middle section (shown in pink) represents the valence electron electronic structure, whereas the bottom section (in blue) represents the situation when the electronic levels achieve core-shell status. The patterns in the trends of energy levels in figure 3 have given rise to our well-accepted interpretations of the origins of chemical periodicity [1, 29] . Particularly, for our subsequent discussion of the electronic structure of the solid transition metals, we note, in particular, the behaviour of the 4s, 4p and 3d levels as we traverse the first-row transition metal series. The 4s electrons, having maximum radial motion but zero orbital angular momentum, 'penetrate' the underlying shells most effectively and feel the full nuclear charge during part of their travels The 3d orbitals are almost entirely outside of the filled electron shells. atomic number increases beyond Z = 20, the valence 3d levels rapidly approach the 4s levels over a narrow range of atomic number. These considerations have allowed, with fair accuracy, the 'order of filling' of valence electrons in neutral atoms. This variation with Z, the atomic number, now allows us to understand the build-up of energy bands in the corresponding solid elements as these atomic levels broaden into bands as the atoms are brought together into the crystal. Similar principles of chemical bonding have been applied to complexes and compounds of the transition metals [1] .
Such considerations can generally be applied to the solid transition elements themselves but with some key, fundamental differences [3, [30] [31] [32] [33] .
Thus, in contrast to ionic and molecular complexes of the transition elements, where the s and p electrons are primarily localized and can form good hybrid bonds with d electrons (e.g. d 2 sp 3 hybrids) [1] , the s and p electrons in the metallic elements are greatly delocalized and they constitute the conducting electron gas. However, the d electrons are considerably more localized in these same metallic elements, with bonds only to nearest neighbours [30, 32] .
At the observed interaction distance, the resulting 4s band looks much like the wide conduction band formed, say, by the 3s levels of Na (or indeed the 4s levels of Cu). However, because of the significantly smaller overlap of wave functions, the 3d bands are considerably narrower. The density-of-states curve (in the absence of sd hybridization) consequently takes the form shown in figure 4 . The area under such curves up to the Fermi energy, E F , gives the number of electrons (nd and ns). Figure 4 shows schematically the filling of 3d and 4s shells across the first-row transition series. However, this simplification takes only a 'generic' band structure for each of the elements. Figure 6 . Electron mobility and electron density for a variety of superconducting and non-superconducting chemical elements at room temperature and pressure.
considerable s character (shown in blue). Importantly, the behaviour for the solid transition elements corresponds to figure 3, where the d shell moves into the core subshells. We also note the similar general stabilization trend as we move across the first transition metal row (figures 3 and 5), formally akin to the 3d levels (and others) entering the core shells in the isolated atoms [1, 27, 29] .
For the first-row transition metals 0 < nd < 10, the Fermi energy lies in both bands, and by Cu the physical properties indicate that the d band is completely full. Of course, these electronic bands move relative to one another as we cross the transition series (somewhat similar to the behaviour of the electronic states of atoms) as reflected in changes in the density of states of the solid chemical elements across the first-row transition series.
Thus, two types of bands are usually employed in any discussions of the electronic structure of the solid transition metals: namely a wide s-electron band which arises from the overlap of s (and p) atomic states and a narrow, high-density d-electron band. The high density of d-electron states of a transition metal makes for a large contribution to the magnetic susceptibility of certain transition metals, and is essential for the ferromagnetism of Fe, Co and Ni. This is also important for the occurrence of superconductivity in V, Nb and so on, as we will now illustrate [33] .
Theoretical concepts
These high density of d states at the Fermi energy (figures 4 and 5) for many of the firstrow transition metals might be expected to make for a high electrical conductivity, but, in fact, the reverse is true and they exhibit rather high electrical resistivity [2, 3, 31] . The acknowledged explanation is that the d band is narrow and has to accommodate up to 10 electrons when compared with the s band's two [35] . In such bands, the 3d band, electrons move sluggishly owing to their low itinerant electron mobilities and, interestingly, contribute little to the flow of electric current in these metals at temperatures in their normal (non-superconducting) state. Indeed, they appear to hinder any such mobility by providing many electronic states at the Fermi energy into which the current-carrying s electrons can be scattered [30, 32] . This feature of low carrier mobility in the normal metallic state (i.e. T T c ) now appears as a characteristic feature of all superconducting elements, and in figure 6 we show the data for a variety of superconducting and non-superconducting chemical elements in the form of a log-log plot of measured electron carrier densities versus electron mobilities. Interestingly, a natural demarcation appears at electron mobilities of around 10 cm 2 V −1 cm −1 , effectively separating superconducting and non-superconducting chemical elements at room temperature and pressure. Note that the vast majority of metals showing large carrier mobilities are those with a pronounced occupation of broad s bands (and either empty or fully filled d bands), also leading to low densities of states at the Fermi level. The situation of Bi-highly diamagnetic and a semi-metal-is intriguing and surely worthy of much further study; this element levitates, at room temperature, over a permanent magnet! It is also well known that d electrons, which are relatively immobile to have any significance in the normal state conduction process in transition metals, now participate in the condensation process at low temperatures that results in the superconducting state [36, 37] . The overarching correlation across all superconducting chemical elements of the periodic table is therefore that highly conducting, good metals (such as Cu) do not become superconductors even at the lowest temperatures; poorly conducting, bad metals do generally transition to the superconducting state at low temperatures [24] . This important observation, highlighted in figure 7 , provided an important insight into the microscopic processes responsible for superconductivity [15] .
In the accepted Bloch theory of the electrical conductivity of metals, itinerant conduction electrons are considered to have been ionized from their individual atomic sites and thence move freely through the crystal lattice except for the occasional scattering by the vibrations of the underlying lattice-the phonons-which are the quantized, vibrational modes of the metal lattice [2, 3, 35] . Fröhlich [24] first recognized that the electron-phonon interaction in metals responsible for normal state electrical conductivity or resistivity can overcome the natural electron-electron Coulombic interaction in the free-electron gas to induce electron pairing and superconductivity at some characteristic critical temperature.
The ideas of Fröhlich and subsequently Bardeen, Cooper & Schrieffer, therefore, provide insights as to why poor metals are often good superconductors. For metals and metallic conducting substances, a strong electron-phonon interaction gives a large electrical resistance above T c and a strong electron pairing at T c . As one notes from figures 4 and 5, a strong electron-phonon interaction in certain metals inhibits normal state conduction, because the electrons are more strongly scattered. Metals such as Pb, Tl, Nb, V and Hg, which are relatively poor conductors in the normal state, are found to superconduct at low temperatures. It is thus not accidental that the rsta.royalsocietypublishing.org Phil. Trans 
first superconductor ever discovered-mercury, with its specific resistivity of 9.6 × 10 −7 Ω m-is one of the worst electrical conductors among metallic elements (in the normal state). In contrast, the very best conductors of electricity, for example the noble metals Cu, Ag and Au, in which the conduction electron scattering at room temperature is weak, do not become superconductors even at the lowest temperature.
The superconducting transition temperature itself is therefore closely dependent upon the nature of the electron-phonon coupling, and the important physical parameters dictating the magnitude of T c can be summarized in the general statement of the BCS theory [21] ,
where T c is the critical temperature, ω is the Debye temperature, N 0 is the electronic density of states at the Fermi level and V is the total (net) attractive potential between electrons in Cooper pairs. Here V represents a measure of the phonon-induced electron-electron attraction, giving rise to electron pairing within this formalism. Interestingly, all the parameters in the BCS equation, with the exception of V, can be measured independently with high precision by a variety of physical techniques, and discussion on the very basis and occurrence of superconductivity in the chemical elements has centred on speculations on the nature and magnitude of all such parameters. They can also be calculated from first principles. Remarkably, T c does not correlate well with many normal state properties of elemental superconductors except for the Hall coefficient, which shows a remarkably strong correlation, and the work function [15] . Moreover, T c turns out not to correlate with the calculated N 0 for a broad range of metals, thus signalling the key role of the electronphonon coupling strength, V, for achieving high T c values [15] (W. Grochala, 2014 unpublished DFT results).
Superconductivity in the transition metal series
One of the most interesting patterns in the occurrence of superconductivity is the behaviour of T c in the transition metal series as a function of the simple s n d n valence electron configuration. The key question here for the transition metals-as indeed for all the chemical elements-centres on 'What are the conditions for the occurrence of superconductivity itself?' [16] .
The transition temperatures at which the transition elements become superconducting are strongly dependent on the number of valence electrons per atom (and indeed upon the average number of valence electrons for their alloys and compounds); this is in sharp contrast to findings for the non-transition groups of the periodic table [16, 36] . However, one must recognize at the outset the difficulties associated with the exact electronic configuration in solid-state elemental metals themselves [38] . The same principles of chemical bonding that have been applied to ionic and covalent (molecular) bonding of the transition elements can generally be applied to the case of metals, including the transition metals, but with some important differences. As noted earlier, in terms of band theory, the d bands are separated from the delocalized metallic s-p electron bands ( figure 5 ) and, in following convention, we look at the dependence of T c on the number of s and d electrons, as determined by established rules of electron occupancy in the transition metal series-the so-called Engel-Brewer theory of transition metals and alloys [38, 39] . This helps enormously in unifying the discussions of the T c systematics in this part of the periodic table. For the chemist, also, such considerations hopefully provide insights, and some resonances, into well-established, and recognizable, areas of transition metal chemistry in terms of atomic electronic configuration.
In the transition metal series, it is recognized that it is primarily the d electrons near the Fermi energy (figures 4 and 5) that participate in the BCS condensation process at T c . This links to our considerations above, and various parameters important in the BCS formalism may help us to understand at least some of the main systematics of the occurrence, and magnitude, of superconductivity in the transition metal series [36, [40] [41] [42] . In figure 8 , we show the correlation between the nominal d-electron occupation, as determined from the Engel-Brewer formulation, and superconductivity in the first-, second-and third-row transition metal series for these chemical elements at room pressure. We note the well-known incompatibility of superconductivity and (anti)ferromagnetism highlighted by the cases of Cr, Mn, Fe, Co and Ni in the 3d transition series.
Matthias [36] was the first to plot this 'two-peaked' variation of the 3d, 4d and 5d transition elements, exhibiting no spontaneous long-range magnetic order. The minimum in T c near five electrons per atom was described by Matthias as arising from 'interference' by the half-shell stability of the d electrons [36] .
Elements at the centre of the transition series exhibit various characteristic physical properties besides the drop in T c , which have been noted as distinguishing them from the higher-T c members of the series [41] .
In schemes advanced by Stern, Gualtieri, Hopfield and others, the strong variations in T c , and parameters entering the BCS prescription (equation (5.1) ), and various other characteristic physical properties, are closely interrelated [21, 40] . These authors argue that the d 5 half-filled shell configuration constitutes the most efficient, localized bonding of the d electrons, having an average of five d electrons and five empty d orbitals per site. This electronic configuration has the most to gain from Hund's rules when d electrons are tightly bound to atomic/ionic sites. Thus, the number of d-d bonds is at a maximum at the centre of the transition metal series (and peaking usually at group 6) and properties such as cohesive energies, heats of sublimation, melting points, etc., show the binding of the elements in the middle of the transition series to be greater than the binding at either end of the group. Stern [40] argues that at the centre of the transition metal series the d-d covalent interactions, preferentially localized, are indeed strongest and with the largest element cohesive energies.
Support for this idea and how it relates to the occurrence (and magnitude) of superconductivity also comes from considerations of the BCS formalism (equation (5.1)) . The twofold increase in Debye temperature from the early transition series to mid series [41] cannot alone be responsible for the dramatic variation of T c across the transition series. The variation in the derived electronic density of states N 0 with the number of d electrons reveals a definite minimum at d 5 . The stability of the half-filled d shell, noted by Matthias as the 'interference' with superconductivity, therefore arises partly by a significant decrease in the electronic density of states at the Fermi level [41] .
This sharp drop in the density of states observed at the centre of the transition metal series has been attributed either to a strong delocalization of the d electrons into nearly free-electron states rsta.royalsocietypublishing.org Phil. Trans The total attractive potential, V, for superconductivity, appearing in the BCS formalism, has been proposed to arise from both a phonon-induced (long-range) potential, V ph , and a localized, covalent (short-range) 'chemical' bonding between transition metal atoms V b . Various authors [40] [41] [42] [43] subtracted from this total attractive potential V, the (long-range) phonon-induced attractive potential V ph , derived from high-temperature electrical resistivity measurements. The remaining contribution to the electron-electron attractive potential, V b , across the transition series is therefore independent of the phonon interaction ( figure 9 These factors reflect the close interplay-and competition-between localized, chemical d-electron bonding and itinerant d-electron superconductivity in the transition metals. As Gualtieri points out [41] , further evidence for the link between d-bonding strength and T c is given for elements with more than three d electrons, where the short-range or 'chemical' property, reflected in V b , is now dominant over the phonon contribution V ph .
It is well established [38] that there exists a very pronounced increase in the bonding effectiveness of the d electron going down the periodic table from the first to the third transition metal series [38] . Interestingly, for metals of the second and third transition series, the d electrons can be used so effectively in electron-pair bonds that no electrons are left unpaired. Because unpaired d electrons are required for magnetism, the metals of the second and third transition series are not magnetic.
In the 3d row of elements, we observe a peak in T c at less than three d electrons per atom due to contributions from the phonon-related part of the attractive potential, V ph . No such peak is observed in the 3d elements with more than three d electrons per atom, because the 3d elements have more weakly bonded d electrons than the 4d or 5d elements. Consequently, 4d and 5d elements do exhibit peaks in T c due to the contribution of V b at more than three d electrons per atom, for example, Nb. [36] and (b) the modified graph from Simon [9] , with the T c maxima at approximately 4.7 and 6.5 d electrons, coinciding with (c) the bcc/hcp and hcp/fcc transitions, respectively, in elemental metals [44] , to emphasize the link between lattice instabilities and strong electron-phonon coupling, which may drive structural distortions. (Online version in colour.)
In separate contributions, Stern [40, 43] has also advanced the conjecture that the drop in N 0 at the centre of the transition metal series has a common physical origin, namely a strong tendency for d electrons to localize in covalent bonds, with the number of such d-d bonds at a maximum in the centre of the transition metal series (as also the cohesive energy); such d electrons localized in covalent bonds clearly do not participate in phonon scattering. Off centre, the consequent release and delocalization of (now) itinerant, but highly phonon-scattered, d electrons occurs and these are then available for conduction electron-phonon scattering and superconductivity through the BCS-like phonon mechanism. This is the underlying principle of broken covalency, governing T c systematics [43 
Stern advances the argument that this type of competing, localized or covalent bonding and high T c (broken covalency) is quite general and can indeed also be seen in the T c systematics of non-transition metal elements across the periodic table. Here again, broken covalency favours superconductivity by either, or both, releasing the localized chemical, covalent bonds that lock the lattice vibrations and enhancing the electron scattering process. As just one example, he notes that the high T c at room pressure in the metallic members of groups 4, viz. Pb and white Sn, is due to the inherent broken covalency, which renders them metallic. The intriguing mechanism for breaking covalency in the heavy p-block chemical elements is the relativistic effect on moving down the group, which raises the atomic s-p promotion energy, thereby preventing the formation of four equal and independent sp 3 hybrid bonds in localized chemical bonds in a tetrahedral structure. The reader is referred to those papers that outline the conditions for broken covalency and high T c in elements and systems encompassing transition metal alloys, the early and late transition metals, the rare earth metals as well as the non-metallic elements of groups 4, 5 and 6 and the effect of pressure [40, 43] .
It seems to us that the concept of broken covalency is highly persuasive, as a potential unifying chemical approach to superconductivity, which highlights the competition between localized, covalent chemical bonding and delocalized itinerant electron behaviour and superconductivity. We believe that it allows a chemically intuitive, qualitative understanding of the systematics of superconductivity in the transition metals and indeed across the periodic table. The occurrence of superconductivity in the periodic table of the chemical elements unquestionably has a contributing short-range or 'chemical' property, which reflects the competition-and the delicate balance-of localized, covalent chemical bonding and delocalized itinerant electron behaviour in determining whether an element is superconducting or not.
Still another way to look at the 'broken covalency' approach is to treat the d 5 occupation as the one corresponding to a very stable d-d bonding, which leads to facile sigma, pi and delta overlap in the solid state, with all d electrons attaining the metal-metal bonding character and not being prone to electron delocalization and potential superconductivity. Indeed, one pronounced T c minimum in metallic alloys falls at the formal electron count around 5 (figure 11). It turns out that when this stable configuration is broken via introduction of a small amount of holes (vacancies), a pronounced T c maximum appears at 4.7 d electrons for alloys, which is known as the Matthias rule [9, 36] . Yet another but smaller T c maximum is seen experimentally at the electron count of 6.5 [9,36] . Remarkably, both discussed d-electron counts coincide with the well-known borderlines between the bcc/hcp and hcp/fcc structures of elemental transition metals [44] . This correlation is not casual, we think, and it emphasizes the fact that the same lattice instabilities that drive structural distortions at room temperature may also be at the origin of the strong electron-phonon coupling in those transition metals which superconduct at low temperature.
Concluding remarks
Our aim here is to highlight this approach for the transition metal series and in particular a qualitative account of the T c systematics of transition metals, most notably the first transition series. We have highlighted approaches that characterize the strength of the important electronphonon interaction in transition metals by two experimentally derived parameters. One of these, V b , is closely associated with, and characteristic of, chemical covalent bonding. From these discussions, we hope to have developed a conceptual understanding of the T c systematics of transition metals.
